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A B S T R A C T   

Hydroxychloroquine (HCQ) displays attractive anti-inflammatory and antiviral effects. Because of that, such a 
drug made part of some clinical trials for combating Sars-CoV-2 during the COVID-19 pandemic. The present 
study aimed to conduct the biotransformation of HCQ by filamentous fungi reported as microbial models of 
mammalian drug metabolism to evaluate its cytotoxic after metabolization. Cunninghamella echinulata var. ele
gans ATCC 8688a could efficiently biotransform HCQ into one main metabolite identified as the new 4-(1,2,3,4- 
tetrahydroquinolin-4-ylamino)pentan-1-ol (HCQ-M). The microbial transformation occurred through N-deal
kylation, 7-chloro-elimination, and reduction of the two conjugated double-bond from the quinoline system of 
HCQ. The cytotoxic profiles of HCQ and its metabolite were evaluated using CCD-1059Sk cells (human fibro
blasts) through sulforhodamine B, trypan blue, and Live/Dead assays. Both HCQ and HCQ-M displayed cytotoxic 
activities in human fibroblasts, but HCQ-M was significantly more toxic than HCQ. The reported findings should 
be considered for further clinical studies of HCQ and will be important for guidance in achieving new derivatives 
from it.   

Introduction 

Chloroquine has been extensively used as an antimalarial drug [27]. 
Its hydroxy-derivative, the hydroxychloroquine sulfate (HCQ), was first 
synthesized in 1946 and was demonstrated to be much less (~40 %) 
toxic than chloroquine in animals [14]. HCQ displays attractive anti- 
inflammatory action, which explains its clinical use for rheumatic dis
ease treatment [3,7] and antiviral effects [17]. The antiviral activity of 
HCQ was a point of interest to different worldwide researchers to prove 
its effectiveness in inhibiting the novel coronavirus (responsible for the 
COVID-19 pandemic), and some in vitro trial registries have been pub
lished [13,26]. 

HCQ is clinically administered as a racemate; it is well absorbed 

(70–80 % bioavailability), and between 21 and 47 % of the dose is 
excreted unchanged [19]. HCQ is generally considered safe. Its most 
common side effects include gastrointestinal symptoms, and severe side 
effects have a low incidence, which include neuromyopathy of proximal 
muscles, cardiotoxicity, skin hyperpigmentation, and irreversible reti
nopathy [23]. Due to the interesting biological effects of HCQ, it is 
mandatory to comprehensively know about possible toxic effects 
resulting from its metabolization. 

After human oral administration, drugs suffer several metabolic re
actions by the action of a wide array of body enzymes. In humans, the 
metabolism of xenobiotics may result in metabolic bioactivation pro
ducing toxic chemical species, and their involvement in causing adverse 
drug reactions has been extensively studied and reported [15]. The costs 
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and ethical concerns sometimes hinder the study of human metabolic 
responses, the characterization of the drug metabolites, and evaluating 
of their cytotoxicity. 

Microbial biotransformation approaches have been applied as part of 
preclinical screening for new drug candidates [6] since they may pro
vide information about the safety of any drug through knowledge about 
the metabolism [1]. Microorganisms are used as models for mammalian 
drug metabolism to establish biologically active compounds’ metabolic 
fate and provide sufficient amounts of metabolites for structure eluci
dation and biological evaluation [8]. The use of microbial models for 
simulating the mammalian metabolism of bioactive compounds is well 
established in the literature, and our research group has been dedicated 
to this topic [16,22,21]. That approach contributes to a better under
standing of human drug metabolism. It provides a simplified version of 
the complex human metabolic pathways, allowing the isolation of me
tabolites in enough quantity for their chemical identification and 
toxicity evaluations. 

Chemical modifications by enzymes have been studied for hundreds 
of years [4] and enhanced with the publication of the Food and Drug 
Administration (FDA) recommendation (1992) regard to the use of only 
one enantiomer of the chiral bioactive agents [5]. That is why the 
chemical transformations enzyme-catalyzed have raised as attractive 
tools to achieve new derivatives of drugs under regio- and stereo- 
controls. 

Fungi are the most studied catalysts for in vitro metabolic studies [2] 
since they may metabolize a wide diversity of compounds, leading to 
chemical derivatives through selective reactions that work under eco- 
friendly conditions. An impressive number of filamentous fungi strains 
have been shown to possess broad catalytic properties on different 
substrates. Mainly, the Cunninghamella genus is extensively used as a 
microbial model for mammalian hepatic metabolism of several com
pounds. It is stated that Cunninghamella sp. can metabolize several drugs 
through reactions similar to those catalyzed by mammalian enzyme 
systems [12]. Due to ethics and safety issues, fungi are excellent alter
natives to in vivo human metabolism studies. 

Although the correlation between reactions catalyzed by microor
ganisms and human metabolisms is not trivial, microbial biotransfor
mation has been helpful for in vitro drug metabolism studies by 
providing information and standards for in vivo studies. The present 
study aimed to conduct the in vitro transformation of HCQ by filamen
tous fungi reported as microbial models of mammalian drug metabolism 
to evaluate its cytotoxicity after metabolization. We are reporting a new 
derivative of HCQ, which displayed more cytotoxicity towards human 
fibroblasts than the HCQ. The herein-developed approach highlights the 
importance of comprehensive knowledge of the metabolism of drugs to 
assess their toxicity. 

Material and methods 

General experimental procedures 

All chemicals and solvents were purchased from commercial sup
pliers and used without further purification. 1H NMR spectrum was 
recorded at 400 MHz, with a Bruker Avance III HD spectrometer 
(Bruker, Billerica, USA). Chemical shifts (δ) were referenced to the re
sidual deuterated methanol (CD3OD) peak at δH 3.31 for 1H. 

The high-performance liquid chromatography – diode array detector 
(HPLC-DAD) analyses were performed using a C12 column (Phenom
enex 250 mm × 4.6 mm × 5 μm) and gradient elution system composed 
of 5 to 100 % methanol (HPLC grade Tedia, Rio de Janeiro, Brazil) in 
water over 30 min at a flow rate of 0.5 mLmin− 1. The crude extracts 
were analyzed by injection of 10 μL at mgmL− 1 on a Shimadzu (SIL-20A) 
multi-solvent delivery system (Shimadzu SPD-M20A) equipped with an 
SPD-M20A photodiode array detector (DAD) and an Intel Celeron 
computer for analytical system control, data collection, and processing. 
The chromatographic profiles were recorded at λ 343 nm. 

The ultra-high performance liquid chromatography - high-resolution 
mass (UHPLC-HRMS) analyses were carried out at a spectrometer 
operated at both positive and negative modes, using a C18 column (ACE 
150 mm × 4.6 mm × 3 μm). UHPLC-HRMS contained an electrospray 
ionization (ESI) source and an Orbitrap technology analyzer. The flow 
rate was 400 μL.min− 1, and the analytical method was the same as that 
used in HPLC-DAD analyses. The column temperature was controlled at 
30 ◦C. The scanning range of 120–1200 m/z to full MS; ESI MS resolution 
70.000 with lock mass; microbeam, 1; and maximum injection time, 
250 ms. The parameters of the ESI ionization source were as follows: gas 
flow rate, 30; auxiliary gas flow rate, 10; positive voltage spray mode, 
3.6 kV; negative voltage spray mode, 3.2 kV; and Slens level = 55. Ni
trogen gas was used as a nebulizer. The clean-up of the samples was 
performed before the analysis with hexane (2 × 200 μL) to ensure the 
removal of nonpolar substances and filtered using an HPLC PTFE syringe 
filter of pore size 0.45 μm. The mass spectra were obtained and pro
cessed using Xcalibur (Thermo Fisher Scientific). 

Substrate 

Hydroxychloroquine sulfate was purchased from Sigma-Aldrich 
(purity 98 %). 

Biotransformation and purification assays 

The biotransformation of HCQ was done through screening with 
Aspergillus brasiliensis ATCC 16404, Cunninghamella echinulata var. ele
gans ATCC 8688a, and C. elegans ATCC 10028b, which were obtained 
from the American Type Culture Collection (ATCC, Rockville, MD, USA). 
The filamentous fungi were maintained in 80 % glycerol solution at 
− 20 ◦C. The fungi were grown in a two-step culture procedure. First, 
each fungus was grown at 28 ◦C in Petri dishes containing malt agar 
(malt extract 2.0 %, glucose 2.0 %, peptone 0.1 %, agar 1.8 %) for 7 
days. Next, an inoculum of ten 6-mm disks containing mycelia and agar 
was added to 250-mL Erlenmeyer flasks, each holding 100 mL of Koch’s 
K1 medium (glucose 0.18 %, peptone 0.06 %, and yeast extract 0.04 %). 
HCQ (10 mg) was added to each flask as a solution in water. Control 
flasks consisted of a culture medium with fungus (without HCQ), a 
culture medium with HCQ (without a fungus), and a culture medium by 
itself. Biotransformation experiments were carried out at 28 ◦C for eight 
days with shaking at 120 rpm. Samples were analyzed daily by HPLC. 
The mycelia were separated by filtration, the fermentation broths were 
extracted three times with ethyl acetate, and the solvent was evaporated 
under reduced pressure to yield crude extracts. All experiments were 
carried out in triplicate. Using the same procedures, the biotransfor
mation of HCQ by C. echinulata var. elegans was carried out separately in 
10 Erlenmeyer flasks (scale-up biotransformations). The extraction of 
the culture broths by ethyl acetate was followed by evaporation of the 
solvent to yield the crude extracts of the biotransformations of HCQ 
(41.0 mg). 

The main metabolite of HCQ (HCQ-M) was purified on a chromato
graphic column (40 × 1.5 cm) containing silica gel 60 Å (Sigma- 
Aldrich). The mobile phase consisted of gradients composed of n-hex
ane, ethyl acetate, and methanol. A total of 36 fractions were collected 
and fourth fraction contained the HCQ-M. 

4-(1,2,3,4-tetrahydroquinolin-4-ylamino)pentan-1-ol: 1H NMR (400 
MHz, CD3OD) δ 7.51 (2H, d, J = 8.0 Hz, H-5 and H-7), 6.84 (2H, d, J =
8.0 Hz, H-6 and H-8), 3.83–3.77 (3H, m, H-1′a, H1′b, and H-4), 
3.12–2.97 (2H, m, H-2a and H-2b), 2.85–2.80 (1H, m, H-4′), 2.12–2.09 
(2H, m, H-3a and H-3b), 1.32–1.24 (4H, m, H-2′and H-3′), 1.15 (3H, d, J 
= 8.0 Hz, H-5′); HRESIMS m/z 235.18091 [M + H]+ (calcd for [M + H]+

235.18049). 

Cytotoxic assay 

CCD-1059Sk cells (fibroblasts derived from normal human skin) 
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were grown in a DMEM (Dulbecco’s Modified Eagle Medium) containing 
sodium bicarbonate 5 mM and fetal bovine serum (FBS) 10 % at 37 ◦C in 
a 5 % CO2. The culture media were renewed every-two days, and the 
cultures were subcultured at approximately 80 % confluence. 

The following experiments were conducted in triplicate. The data 
shown are mean ± standard error of triplicates’ mean (SEM). Significant 
differences from the control group (untreated cells) were determined 
according to the analysis of variance (ANOVA) followed by Tukey’s test, 
and significant differences between the HCQ and HCQ-M groups were 
determined according to the ANOVA followed by Bonferroni’s post-test: 
p < 0.05. 

Cell viability assay 
Cell viability was evaluated using the colorimetric sulforhodamine B 

(SRB) assay. This assay is based on the ability of SRB to bind protein 
components of cells fixed by trichloroacetic acid (TCA) in culture plates. 
SRB is a bright pink aminoxanthene dye with two sulfonic groups that 
attach to basic amino acid residues under moderately acidic conditions 
and dissociate under basic conditions. SRB binding is stoichiometric; 
therefore, the amount of dye extracted from stained cells is directly 
proportional to the number of viable cells [25]. 

For cell viability analysis using the SRB, cells were plated in 96-well 
plates at a density of 5 × 103 cells per well. After 24 h of plating, 
hydroxychloroquine (HCQ) or its metabolite (HCQ-M) was added at 
concentrations of 2.5, 5.0, 10.0, 25.0, 50.0, 100.0, 200.0, and 400.0 µg/ 
mL. The plates were incubated for 48 h. After the incubation, the cells 
were fixed with TCA 15 % for 1 h at 4 ◦C, then washed with MiliQ water 
and dried at room temperature. Each dry plate was revealed using 100 
µL of 0.4 % SRB for 1 h at room temperature, protected from light. Then, 
an additional washing was performed using acetic acid 1 % to remove all 
SRB residue. After that, Tris Base 10 mM (pH 10.5) was added to solu
bilize the SRB for 30 min. Then, the optical density was measured in a 
spectrophotometer (Asys UVM 340) at 540 nm (background subtraction 
at 690 nm). Cell viability was expressed as percentages compared to 
control (untreated cells). IC50 values were determined from a non-linear 
regression using GraphPad Prism®. 

Trypan blue assay 
Trypan blue is a dye that penetrates into cells with damaged mem

brane [24]. 
For the trypan blue assay, cells were counted and plated in 24-well 

plates at a density of 2 × 104 cells per well in 400 µL of DMEM. After 
24 h, the cells were treated with HCQ and HCQ-M at 50, 100, and 150 
µg/mL concentrations for 24 and 48 h. After the treatmentś end, the cells 
were trypsinized and centrifuged at 1500 rpm for 5 min. The cell pellet 
was resuspended in a DMEM medium, and 20 µL of the cell suspension 
was mixed with 20 µL of trypan blue solution 0.4 % for 2 min. The cells 
and trypan blue solutions were placed in a Neubauer chamber, and the 
viable (unstained) and nonviable (blue stained) cells were counted with 
the aid of the optical microscope. 

Live/Dead assay 
The calcein-AM and propidium iodide (PI) assay evaluated cell 

viability (live) and apoptosis (dead). For that, cells were exposed to 
calcein acetoxymethyl ester (calcein-AM) that becomes fluorescent after 
cleavage of calcein-AM by cellular esterases, which produce a green 
fluorescent calcein derivative [12]. Cells in late apoptosis have their 
membrane permeable to PI due to the emergence of pores, which are 
red-stained [20]. 

For the calcein-AM/PI assay, cells were counted and plated in 35 mm 
plates containing a coverslip at a density of 8 × 104 cells per well in 2 mL 
of DMEM medium. After 24 h, the cells were treated with HCQ and HCQ- 
M at 50, 100, and 150 µg/mL concentrations for 24 and 48 h at 37 ◦C in a 
5 % CO2. 

After the treatment, all medium was removed, and the wells were 
washed with PBS. Subsequently, a solution containing PI 5 μg/mL and 

calcein-AM 3 μM was added. The plates were incubated for 30 min at 
room temperature. After incubation, cells were observed under a fluo
rescence microscope at 20x magnification. Cells were counted in three 
different regions using Image J software (National Institutes of Health, 
USA). 

Results and discussion 

The biotransformation of hydroxychloroquine (HCQ) was screened 
with Aspergillus brasiliensis ATCC 16404, Cunninghamella echinulata var. 
elegans ATCC 8688a, and Cunninghamella elegans ATCC 10028b. 
Comparative HPLC-DAD analysis of the chemical profiles of extracts 
from biotransformation and control experiments showed that 
C. echinulata var. elegans was an efficient model for biotransformation of 
HCQ (Fig. 1). Analysis of chromatogram B of Fig. 1 showed that the 
fungus completely consumed the substrate with the production of some 
metabolites. The main metabolite was detected at a retention time of 
13.0 min. 

The products of any xenobiotic metabolism may be inactive metab
olites with no pharmacological activity, named detoxification products; 
active metabolites which may have pharmacological properties of less, 
equal, or greater magnitude than their parent compounds; or reactive 
metabolites that are capable of covalently reacting with the functional 
macromolecular structure of endogenous targets in vivo, resulting in 
undesired toxic effects [15]. Our investigation of the biotransformation 
of HCQ had as its primary goal the assessment of possible toxicities 
displayed by its metabolites. For this, an initial screening of HCQ 
biotransformation was made using three fungi reported as microbial 
models of mammalian drug metabolism. Among the evaluated fungi, 
only C. echinulata var. elegans showed the ability to transform HCQ into 
less polar metabolites after four days of incubation (Fig. 1B). 

It is well known that fungal species often contain more than a hun
dred cytochrome P450 genes [10]. Such microorganisms offer great 
potential to develop model systems to mimic the metabolism of drugs in 
humans, which is helpful for in vitro structure–activity relationship 
studies. Besides that, biotransformation by fungi is an interesting 
approach for achieving chemical derivatives from bioactive start 
materials. 

The main microbial metabolite of HCQ by C. echinulata var. elegans 
(HCQ-M) was isolated by column chromatographic. The high-resolution 
ESI (m/z 235.18091 [M + H]+, Fig. 2A) mass spectrum of HCQ-M 
indicated a molecular formula of C14H22N2O, that was supported by 
MS2 spectrum (Fig. 2B) analysis. 

Additionally, a detailed analysis of the MS2 spectrum (Fig. 2B) of 
HCQ-M and the proposition of some ion fragments (Fig. 4) confirmed its 
chemical structure. An intramolecular attack on the cationized structure 
of HCQ-M, followed by water loss, led to the cyclization of the side chain 
and the formation of an unstable ion. At the sequence, loss of C9H9N 
produced to fragment (m/z 86.09712) was seen in the MS2 spectrum of 
HCQ-M. Finally, the 1H NMR analysis confirmed the chemical structure 
of HCQ-M. Several signals appeared overlapping in the NMR spectrum 
and some multiples have been observed. However, the NMR analysis 
supported the proposition of the chemical structure of HCQ-M. 

Biotransformation by microorganisms may simulating the mamma
lian metabolism and are part of the pre-clinical screening of new drug 
candidates [9]. The N-dealkylation forms the major metabolites of 
chloroquine and hydroxychloroquine in humans. Following adminis
tration, those compounds are rapidly N-dealkylated to the pharmaco
logically active desethylchloroquine and bis-desethylchloroquine by 
P450 enzymes [19]. UHPLC-HRMS analysis of HCQ-M was a fast and 
efficient technique for its chemical structure determination. ESI-MS and 
MS2 data analysis showed that the microbial biotransformation cata
lyzed some interesting modifications in the HCQ scaffold resulting in the 
structure of its main metabolite (Fig. 3), which has zero hit on the 
comprehensive mass database. In accordance with studies about the 
metabolism of HCQ in humans, C. echinulata var. elegans also catalyzed 
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Fig. 1. HPLC-DAD elution profiles (λ = 343 nm) of hydroxychloroquine (A) and ethyl acetate extract from C. echinulata var. elegans ATCC 8688a cultures with 
hydroxychloroquine during 4 days (B). The main metabolite from hydroxychloroquine was visualized at chromatogram B (retention time 13.0 min). AU absor
bance units. 

Fig. 2. ESI-Mass spectra (MS, A; and MS2, B) of the microbial metabolite of hydroxychloroquine (HCQ-M) achieved through ultra-high performance liquid chro
matography - high-resolution mass (UHPLC-HRMS) analysis. 
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an N-dealkylation at the side chain of HCQ. Additionally, 7-chloro-elim
ination and reduction of the two conjugated double-bond from the 
quinoline system generated the chemical structure of HCQ-M. 

It is stated that the elucidation of the metabolic pathway of any 
compound and the knowledge about the safety of its metabolites are 
critical points in drug development programs. Within this context, cell 
cytotoxicity assays were carried out with HCQ and HCQ-M on CCD- 
1059Sk cells. Cell viability was evaluated using the SRB assay showing 
that HCQ and HCQ-M displayed cytotoxicity towards CCD-1059Sk cells 
compared to control results (Fig. 5A). We found that HCQ-M was more 
cytotoxic than HCQ. IC50 values of HCQ and HCQ-M were 103.17 ±
5.29 µg/mL and 84.35 ± 0.89 µg/mL, respectivelly. Assays performed 
for 48 h showed a significant difference in CCD-1059Sk cell’s viabilities 
at 200 µg/mL, with higher toxicity displayed by HCQ-M. 

Trypan Blue and Live/Dead assays (Fig. 5B) corroborated the results 
and showed that the number of viable cells decreased at all tested 
concentrations of HCQ and HCQ-M compared to control after 24 h. 
Interestingly, HCQ-M also displayed more accentuated toxicity than 
HCQ and caused a significant decrease in the viability of the CCD- 
1059Sk cells at the three evaluated concentrations (50, 100, and 150 
µg/mL). 

Finally, cell viability and apoptosis were evaluated in CCD-1059Sk 
cultures treated with HCQ and HCQ-M through Calcein-AM and PI 
staining, respectively. Fig. 5C shows that both HCQ and HCQ-M dis
played toxicity against CCD-1059Sk cells at all evaluated concentra
tions. HCQ-M increased apoptosis, and a significant difference between 
results with HCQ and HCQ-M was observed at all tested concentrations. 
Thus, the results suggest that the enhancement of apoptosis is one of the 
mechanisms associated with HCQ-M toxicity. It has already been 
demonstrated that HCQ treatment in fibroblast-like synoviocytes led to 
dose-dependent apoptosis through caspase-3 activation, which is a 

critical step for cell fragmentation and apoptotic cell death [11]. 
The SARS-CoV-2 pandemic and the global public health challenge 

led the necessity to find treatments urgently. HCQ gained worldwide 
attention, and, despite its established use as an antimalarial drug and in 
autoimmune disease treatment, its safety is still controversial. A recent 
study demonstrated that HCQ displayed cytotoxicity against several 
human cell lines and human lung fibroblast (IMR-90) (Yang et al., 
2020). The cytotoxicity was time-dependent, suggesting that it is 
appropriate short period administration. HCQ cytotoxicity for human 
dermal fibroblasts has also been demonstrated, which supported the 
rationale for HCQ application as an antimalarial drug and treatment of 
human fibrosclerotic diseases [18]. Despite the relative safety of HCQ, to 
the best of our knowledge, we observed for the first time that the 
metabolite derived from HCQ (HCQ-M) was more cytotoxic than the 
HCQ. 

Even at the minor evaluated concentration (50 µg/mL) of HCQ and 
HCQ-M, there was an alteration in the morphology of the cells (Fig. 6). 
Notably, the cells treated with HCQ or HCQ-M 50 µg/mL became larger 
than those from the control. In addition, several vacuoles appeared in 
the treated cells. Thus, it is worth mentioning that both HCQ and HCQ-M 
are toxic to cells at concentrations higher than 50 µg/mL. This cell 
morphology suggests that HCQ and HCQ-M at 50 µg/mL induce a type of 
cell death known autophagy. 

The cytoplasmic vacuolization of human dermal fibroblasts and 
HaCaT under light microscopy was observed after the treatment with 
HCQ. Besides these autophagic vacuoles, it was further demonstrated 
that HCQ induces the autophagic regulators LC3B-II and Beclin-1 at both 
RNA and protein levels confirming that HCQ induced autophagy in these 
cells [18]. 

Fig. 3. Representation of biotransformation of hydroxychloroquine (HCQ) into its main metabolite (HCQ-M) by Cunninghamella echinulata var. elegans ATCC 8688a.  

Fig. 4. Formation of the main fragment ions observed in the ESI-MS2 spectra of HCQ-M.  
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Conclusions 

Human biotransformation of xenobiotics has classical steps classified 
in two phases (phase I and phase II) to inactivate and convert xenobi
otics into more hydrophilic derivatives to be eliminated rapidly from the 
body. In summary, C. echinulata var. elegans was able to convert HCQ 
into a phase I metabolite through reactions similar to human meta
bolism. The herein-developed approach may provide compounds with 
related chemical structures in better yields when compared to in vivo 
studies to carry out biological and toxicological assays. Moreover, the 
biotransformation by C. echinulata var. elegans is an attractive alterna
tive to reaching unknown derivatives of HCQ. The cytotoxicity evalua
tion performed with HCQ and its microbial metabolite (HCQ-M) showed 
higher toxicity of HCQ-M than HCQ to human fibroblasts. So, the dis
covery of more toxic HCQ metabolites will contribute to studying 
structure–activity relationships further and deep evaluation of HCQ 
safety. 
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